HIV-1 infection is associated with increased risk for B-cell lymphomas. How HIV infection promotes the development of lymphoma is unclear, but it may involve chronic B-cell activation, inflammation, and/or impaired immunity, possibly leading to a loss of control of oncogenic viruses and reduced tumor immunosurveillance. We hypothesized that HIV structural proteins may contribute to lymphomagenesis directly, because they can persist long term in lymph nodes in the absence of viral replication. The HIV-1 transgenic mouse Tg26 carries a noninfectious HIV-1 provirus lacking part of the gag-pol region, thus constituting a model for studying the effects of viral products in pathogenesis. Approximately 15% of Tg26 mice spontaneously develop leukemia/lymphoma. We investigated which viral proteins are associated with the development of leukemia/lymphoma in the Tg26 mouse model, and performed microarray analysis on RNA from spleen and lymph nodes to identify potential mechanisms of lymphomagenesis. Of the viral proteins examined, only expression of HIV-1 matrix protein p17 was associated with leukemia/lymphoma development and was highly expressed in bone marrow before disease. The tumor cells resembled pro-B cells, and were CD19 . Consistent with the pro-B-cell stage of B-cell development, microarray analysis revealed enrichment of transcripts, including Rag1, Rag2, CD93, Vpreb1, Vpreb3, and Igll1. We confirmed RAG1 expression in Tg26 tumors, and hypothesized that HIV-1 matrix protein p17 may directly induce RAG1 in B cells. Stimulation of human activated B cells with p17 enhanced RAG1 expression in three of seven donors, suggesting that intracellular signaling by p17 may lead to genomic instability and transformation.
HIV-1 | transgenic mice | B-cell lymphoma | RAG | matrix protein p17 H IV infection increases the risk for many types of cancer, including lymphoma. The introduction of combination antiretroviral therapy (cART) has drastically reduced the risk of non-Hodgkin lymphoma (NHL) and other AIDS-defining cancers; however, the risk of NHL in individuals with HIV remains ninefold higher than that in the general population (1) . The mechanisms responsible for this increased risk have not been fully elucidated, but are thought to involve HIV-1-mediated impaired cellular immunity, loss of control over oncogenic viruses, and chronic B-cell activation. The major subtypes of HIV-associated lymphoma include diffuse large B-cell lymphoma (DLBCL) and Burkitt lymphoma (BL), characterized by c-myc activation (2, 3) .
As the immune status of cART-treated HIV patients has improved over the last 20 y, the spectrum of HIV-associated lymphomas has changed (4) . There has been a shift from lymphomas associated with severe immunodeficiency and human herpesvirus (HHV)-4/EBV and HHV-8/Kaposi's sarcoma-associated herpesvirus (e.g., primary central nervous system lymphoma, primary effusion lymphoma, immunoblastic DLBCL) (3, 5, 6) to those associated with mild immunodeficiency (e.g., centroblastic DLBCL, BL, Hodgkin lymphoma), in which the frequency of EBV infection is lower. Whereas 30-40% of HIV-associated lymphomas are positive for EBV, the majority of cases develop independent of EBV and thus are dependent on other factors (7) (8) (9) . The proportion of BL cases has doubled since the initiation of cART (5, 10) . In contrast to endemic BL, where EBV is found in almost all cases, <40% of cases of HIV BL are associated with EBV (11) . Given that HIV-BL patients have higher CD4 counts at diagnosis compared with HIV-NHL patients without BL (10), the pathogenesis of HIV-related BL likely may involve mechanisms other than immunodeficiency and loss of control of oncogenic viruses.
From this perspective, an intriguing possibility is that HIV itself may contribute to lymphomagenesis more directly through biological effects of HIV proteins (12, 13) . HIV-1 matrix p17, capsid p24, and envelope glycoprotein (gp) 120 accumulate and persist in lymphoid tissues for at least 1 y after cART, in the absence of viral replication (14) . The viral proteins are located in the light zone of the germinal center and are associated with follicular dendritic cells, where they may promote chronic B-cell stimulation. Chronic stimulation of B cells via antigen or cytokines may contribute to the elevated risk of lymphoma after HIV infection (15) . One mechanism for this may involve activation-induced cytidine deaminase (AID), a DNA-modifying enzyme required for class switch recombination and somatic hypermutation in the germinal center (16) . Furthermore, HIV-infected macrophages within lymph nodes may provide a chronic inflammatory stimulus for B-cell activation (17) .
Significance
Non-Hodgkin lymphomas are associated with HIV infection. Current hypotheses on lymphomagenesis, based on immunosuppression and/or activation and/or inflammation, are generic and do not provide mechanistic, testable models. Here we show that several HIV proteins are expressed in a HIV transgenic mouse model of lymphoma, but only Matrix/p17 is consistently expressed at high levels even in early disease stages. Microarray analyses of gene expression showed an enrichment of recombination-activating genes (Rag1/2) in mouse lymphoma tissue. When activated human B cells were treated with p17, induction of RAG1 expression was observed in three of seven donors. Taken together, and in the context of the literature, our results point to the involvement of p17 in supporting B-cell growth and genetic instability.
It was recently reported that extracellular matrix protein p17 and particular genetic variants signal to B cells to enhance growth and induce chemotaxis (12, 18, 19) . Moreover, proviral sequences for variant p17s that display B-cell growth-promoting activity can be found in HIV-NHL tissues, suggesting a role for variant p17s in lymphoma pathogenesis (12) . In addition to its effects on B cells, p17 can induce angiogenesis/lymphangiogenesis in vitro and in vivo (20) (21) (22) . In addition, cumulative viremia during cART is known to be a strong predictor of HIV-NHL, especially for BL (23) . Thus, these findings support the hypothesis that HIV proteins may directly contribute to lymphomagenesis.
In this study, we investigated the pathogenesis of leukemia/ lymphoma that develops spontaneously in the immunocompetent HIV-1 transgenic mouse, Tg26 (24, 25) . Tg26 carries a pNL4-3 HIV-1 provirus lacking part of the gag-pol region, rendering the virus noninfectious. Under control of the LTR, viral RNA is expressed in various mouse tissues, including skin, kidney, spleen, and lymph nodes. A proportion of the heterozygous mice develop cataracts, cutaneous papillomas, and renal disease (24, 26, 27) . We recently reported that Tg26 mice without cutaneous papillomas did not develop lymphomas, but that 15% of Tg26 mice with cutaneous papillomas spontaneously developed leukemia/lymphoma by 1 y of age, characterized by widespread lymphadenopathy, splenomegaly, and extranodal involvement of the liver, gastrointestinal tract, and central nervous system (25) . The transformed cell population was CD19
, consistent with a precursor B cell. Interestingly, we detected viral proteins p17, gp120, and Nef in spleens of mice with lymphoma.
In the present study, we characterized viral protein expression in lymph nodes and bone marrow (BM) of Tg26 mice with and without lymphoma and examined the phenotype of lymphoma cells. Microarray analysis comparing Tg26 lymphomas with asymptomatic Tg26 lymphoid cells revealed an abundance of oncogenic pathways modulated in the mouse tumors. The overexpression of Rag1 and Rag2 in Tg26 lymphomas and the expression of p17 in the BM before disease onset led us to test whether HIV-1 matrix protein p17 can directly induce RAG1 protein in primary human B cells. The induction of RAG1 by p17 may be one mechanism that introduces genomic instability in activated B cells and predisposes to lymphoma in HIV-infected patients.
Results
Expression of Matrix Protein p17 Is Associated with Leukemia/ Lymphoma in HIV Tg26 Mice. Tg26 mice were categorized into three disease phenotypes: asymptomatic, defined by a lack of cutaneous papillomas; early lymphoma, defined by splenomegaly with one enlarged lymph node; and lymphoma, characterized by general lymphadenopathy and circulating lymphoblasts. Previous work has characterized the splenic expression of three viral proteins known to interact with B cells-p17, gp120, and Nef-according to disease status (18, 25, (28) (29) (30) . The expression of p17 and gp120, but not of Nef, in the spleen of Tg26 mice at both early and late stages of lymphoma suggests a role for these proteins in lymphomagenesis (25) .
To characterize HIV protein expression in more detail, we extended the analysis to lymph nodes from Tg26 mice. Viral proteins p17, Nef, and gp120 were not detected in lymph node extracts from asymptomatic Tg26 mice (Fig. 1A) . At both early and late disease stages, p17 was expressed in lymph nodes of all animals tested by Western blot analysis. In contrast, gp120 and Nef were present in only some mice with lymphoma, and in none of those with early lymphoma. Therefore, we focused further studies on p17. Immunohistochemistry (IHC) of lymph nodes also showed an association of p17 expression with lymphoma ( Fig. 1B, Top) . Staining of p17 was most intense in lymph nodes at the early lymphoma stage, and persisted in lymphoma tissue in three of four mice. The scoring of sections, based on the coverage area of the brown DAB stain for p17, is summarized in Fig. 1C . Expression of p17 was evident in four of five mice with lymphoma. In contrast, expression of p17 was found in one of three asymptomatic mice above background staining in FVB/N control mice. These data suggest that p17 in the periphery is not sufficient for lymphoma development, but is associated with disease. The diffuse pattern of p17 expression suggests that the protein is present in the extracellular environment. Lymphoma tissue was characterized by a loss of tissue architecture and a "starry sky" appearance, representing tingible body macrophages.
We next examined the BM for histological changes and p17 expression by IHC (Fig. 1B, Bottom) . BM from asymptomatic Tg26 displayed dilated vascular sinuses compared with FVB/N control, which may indicate increased exit of hematopoietic cells to the periphery. In mice with lymphoma, tumor cells were present in the BM of both animals where tissue was available. The lymphoma had spread to the CNS as well; both of these mice exhibited partial paralysis, as is typical in late disease stages. In terms of p17 expression, strong staining was observed in Tg26 mice at both the asymptomatic and lymphoma stages, but not in FVB/N controls. Thus, p17 has the potential to influence hematopoiesis. Interestingly, an early study found that the presence of p17 protein in BM of HIV-infected patients was significantly linked to concurrent lymphoma or certain coinfections (31) . Expression of p17 in the BM of Tg26 mice may be important, but not sufficient for lymphoma development.
Concomitant with p17 expression in BM, we evaluated alterations in BM cell populations in asymptomatic Tg26 mice. Flow cytometry analysis of BM cells from asymptomatic Tg26 mice and WT mice revealed slight differences in the B-cell compartment (Fig. S1 ). Although the percentage of CD19 + cells in BM was similar in the two mouse strains, asymptomatic Tg26 BM displayed an increase in the proportion of mature B cells (IgM
, as well as in expression of CD21, another marker of mature B cells and a receptor for EBV in humans. Thus, it is possible that B-cell development is affected by the HIV transgene within the BM before detectable changes occur in the periphery ( Fig. 2A) .
Tumor Cells in the Periphery Resemble Pro-B Cells in BM. To determine the developmental stage of the transformed cells, we characterized CD19
+ splenic B cells by flow cytometry (Fig. 2A) . Splenocytes + cells were absent and CD19 + cells lacked expression of IgD, CD21, and CD23 but retained expression of κ light chain. Interestingly, these immature B cells also expressed high levels of CXCR4, a chemokine receptor that promotes the proliferation and development of B-cell precursors in the BM and is responsible for homing to the BM, among other functions (32) . At the late stage of disease, splenic CD19
+ cells lacked expression of IgM and κ light chain, whereas approximately one-half of the cells expressed VpreB/CD179a, part of the surrogate light chain and pre-B-cell receptor (BCR) complex. The expression of VpreB and loss of κ light chain was systemic, with similar patterns noted in CD19 + cells isolated from lymph nodes and from peripheral blood (Fig. S2) . Thus, the tumor cells resemble pro-B cells, based on Hardy's classification scheme (33) .
Mouse B Cells Express Little CXCR1 or CXCR2. Human IL-8 receptors, CXCR1/2, are putative receptors for HIV matrix protein p17 and are thought to be important for the proangiogenic activity observed in vitro with endothelial cells, as well as the chemotactic activity observed with human primary monocytes and B cells (19, 21) . Although the expression of CXCR1/2 on human B cells is limited, up-regulation of the receptors on peripheral blood B cells from HIV-infected patients or by cytokines in vitro has been reported (34) (35) . Therefore, we tested whether murine CXCR1/2 were present on B cells at various disease stages in the Tg26 mice by flow cytometry (Fig. 2 A and B) . Murine CXCR1/2 were not found on CD19
+ cells from the spleen in any mouse tested; however, when peripheral blood mononuclear cells (PBMCs) were examined, CXCR1 was detected on ∼7% of CD19 + B cells in FVB/N controls and asymptomatic Tg26 mice (Fig. 2B) . In Tg26 mice with lymphoma, 14-30% of lymphoma cells expressed low levels of CXCR1 in blood (n = 3; Fig. 2B ).
We next asked whether mouse B cells possess a receptor for the viral protein by staining PBMCs with a fluorescently labeled p17. We first confirmed that labeled p17 bound to subsets of human PBMCs, including the majority of B cells and monocytes in six of six donors as well as a proportion of natural killer (NK) and T cells in four of six donors (Fig. S3) . This reagent showed low-level staining on mouse PBMCs in general; however, high-level staining was observed only on CD19
+ cells, comprising 50-70% of total B cells in WT and asymptomatic Tg26 mice (Fig. 2C) . Taken together, our findings show that extracellular p17 bound a majority of normal mouse B cells, but the low expression of mCXCR1 and mCXCR2 suggests one or more alternate receptors in mice.
Microarray Analysis of Leukemia/Lymphomas in Tg26 Mice. To identify candidate genes important in lymphomagenesis in HIV transgenic mice, we performed a microarray analysis on RNA from spleen and lymph nodes from three groups of animals: FVB/N control mice (n = 3), Tg26 asymptomatic mice (n = 6), and Tg26 mice with lymphoma (n = 6). Principal component analysis showed that lymphoma tissues from the six diseased animals were similar, whether from spleen or lymph nodes (Fig. S4) . Differential gene expression analysis comparing Tg26 lymphoma and asymptomatic Tg26 yielded numerous significant results (Fig. 3A, Fig. S5 , and Dataset S1).
Among the top 20 most highly up-regulated genes in lymphoma, 9 are known to be important in early stages of B-cell development: Igll1, Rag1, Myb, CD93, Vpreb3, Gpr97, Vpreb1, Rag2, and Erg. Gene set enrichment analysis (GSEA) revealed an up-regulation of hallmark gene sets related to the cell cycle and proliferation, including E2F targets, the G2M checkpoint, MYC targets, DNA repair, mTORC1 signaling, and the mitotic spindle (Table S1 ). Conversely, there was down-regulation of inflammatory response pathways, cytokine signaling, and apoptosis, among others. In addition, GSEA analysis of transcription factor targets showed significant down-regulation of NF-κB and GATA-1 signaling in lymphoma samples compared with asymptomatic Tg26 samples [false discovery rate (FDR) q values of <0.018 and <0.021, respectively]. Of 188 gene sets of oncogenic signatures derived from the Broad Institute's Molecular Signature Database, collection C6 (36), 49 were significantly modulated (FDR q values <0.025). Of note, oncogenic signatures included loss of the retinoblastoma protein function as well as inhibition of mTOR signaling, commonly dysregulated in human cancers.
Given that RAG1/2 expression has the potential to introduce genomic instability, we confirmed by Western blot analysis that RAG1 protein was expressed in spleen and lymph nodes of Tg26 mice with lymphoma (Fig. 3B) . We hypothesized that HIV matrix protein p17 can directly induce RAG1 expression in B cells, which may lead to transformation. To test this hypothesis in the human system, primary human B cells were negatively selected from PBMCs, activated with CD40L and IL-4 for 5 d, then treated with exogenous p17 (100 ng/mL), IL-8 (100 ng/mL), or media for 24 h (Fig. 4A) . Real-time quantitative PCR (qPCR) of cDNA from p17-treated activated B cells showed an up-regulation of RAG1 and RAG2 gene expression compared with media alone in three of seven donors (range of fold changes, 1.43-24.57 for responders and 0.50-1.40 for nonresponders) (Fig. 4B) .
In line with the qPCR analysis, Western blot analysis of additional donors showed that human RAG1 expression was induced by the addition of p17, but not of IL-8, in three of seven human donors (Fig.  4C ). In the three donors, densitometry showed that the range of fold change of p17 treatment compared with media alone was 1.3-to 3.7-fold, normalized to loading control. After activation, the human B cells up-regulated CD86 but did not express detectable CXCR1/2, a candidate receptor for p17 (Fig. 3A) . Taken together, the foregoing results suggest that HIV matrix protein p17 has the potential to induce RAG1 expression in human B cells, which may lead to genomic instability and transformation.
Discussion
The heterogeneity of lymphoma subtypes among HIV-infected individuals suggests a variety of pathophysiologies. Animal models are needed to study the drivers of lymphomagenesis. Tg26 mice offer a unique model for investigating the role of HIV proteins in the disease process with intact immunity. We found that expression of matrix protein p17 in lymph nodes of Tg26 mice was associated with disease, consistent with a potential role in lymphomagenesis. The diffuse staining pattern of p17 on IHC suggested extracellular localization in the microenvironment of lymphoid tissues. Whereas most previous studies on p17 have focused on its intracellular activities, p17 has been detected in human plasma (37) . Matrix p17 may influence tumor development at one or more stages, including early B-cell development in BM, B-cell growth in the periphery, and/or support angiogenesis/lymphangiogenesis (18) (19) (20) (21) (22) . Although we cannot completely exclude the role of other viral proteins, we did not detect gp120 or Nef in lymph nodes in early disease stages.
As the lymphoma progressed, the surface phenotype of peripheral CD19 + cells became more immature, with loss of IgD, CD21, CD23, and eventually IgM and light chain and gain of CXCR4 and surrogate light chain. This phenotype resembles the pro-B-cell stage of development, Hardy's fraction B/C. In normal B lymphopoiesis, at this stage RAG1/2 are responsible for VDJ recombination to produce μ heavy chain, which pairs with surrogate light chain to assemble the pre-BCR. Signaling through the pre-BCR is responsible for a proliferative burst (33) . The μ heavy chain is not detected at the late stage of lymphoma, yet other pre-BCR components are highly expressed on tumor cells, based on microarray results as well as flow cytometry. It is possible that during B-cell development in Tg26 mice, pre-BCR signaling somehow loses dependence on μ, resulting in rapid proliferation. GSEA analysis showed an up-regulation of many hallmark gene sets related to cell cycle and proliferation, including MYC targets. Of note, constitutive expression of MYC due to translocation is a hallmark of human BL.
The expression of genes related to NF-κB signaling was significantly lower in lymphoma samples compared with asymptomatic Tg26 samples, suggesting the presence of inflammatory signals before lymphoma development. In plasma of otherwise asymptomatic Tg26 mice compared with FVB/N controls, earlier work revealed elevated levels of cytokines and chemokines, including IL-12 p40 and MIP-1β, which are downstream of NF-κb (25) . Because the viral LTR is regulated by NF-κB as well, transgene expression may be driven by inflammatory signals resulting from normal encounters with the . There were more than 1,000 significant genes with an FDR <1% and an absolute log twofold change >1; however, all 20 genes reported had an FDR <1e-10. The top 5% most differentially expressed genes are listed in Dataset S1, and the first 20 most down-regulated genes are presented in Fig. S5. (B) RAG1 protein is highly expressed in lymphoma tissues. Cell lysates from spleen and lymph node from indicated mice were probed by Western blot analysis for RAG1 and albumin.
environment during the asymptomatic stage. In turn, viral protein expression may influence hematopoiesis and/or peripheral immune responses. The activity of GATA-1, a transcription factor important for erythropoiesis (38) , was also down-regulated in lymphoma samples, in line with the observed anemia. A common genetic abnormality in lymphoid malignancies is chromosomal translocation between antigen receptor genes and protooncogenes. Mistakes in VDJ recombination during lymphocyte development may lead to B-cell malignancy, although multiple genetic hits are required because signature translocations can be readily detected in lymphocytes from healthy individuals, at a frequency increasing with age (39) . Mouse models support the idea that VDJ recombinase (RAG1/2) plays a central role in lymphomagenesis; for example, disseminated pro-B-cell tumors similar to those in Tg26 mice develop in SCID p53 −/− mice (40) . In this model, a mutation affecting the ability of the DNA-protein kinase complex to rejoin coding ends combined with an impaired response to DNA damage leads to tumors with recurrent translocations involving the IgH locus. The addition of a Rag2-null mutation suppressed tumor development in SCID p53 −/− mice, suggesting that DNA breaks resulting from VDJ recombination are required for transformation. Microarray analysis of Tg26 tissues showed high expression of Rag1/2 transcripts in tumors, and high expression of RAG1 protein was confirmed by Western blot analysis (Fig. 4B) . Perhaps translocations involving the IgH locus are present in the Tg26 model, similar to the SCID p53 −/− mouse and human lymphomas. With regard to human HIV lymphomas, a comparison of the molecular characteristics of DLBCL in HIV-infected and uninfected patients from the precART era showed that 10 of 32 (31%) of HIV-associated cases had one of three translocations tested, most commonly MYC/IgH [t (8, 14)(q24;32)] (41).
In contrast to uninfected cases, in which a strong relationship between certain translocations and cell of origin (either centroblastic/ germinal center B-cell type or immunoblastic/activated B-cell type) was seen, the presence of a translocation in HIV-associated DLBCL was not related to the cell of origin. Although based on a small number of patients, these data are consistent with the possibility that translocations in DLBCL of HIV-infected patients may occur before entry to the lymph nodes, perhaps in the BM, where p17 can be found (31) . Rag1/2 expression has been documented in human B-lineage acute lymphoblastic leukemias (42), but has not been rigorously tested in more differentiated human lymphomas. Among HIV-negative patients, early studies found Rag1/2 transcripts in two of three EBV-negative lymphoblastic lymphomas (43) but in none of nine surface Ig + B nodular lymphomas (42) . Although Rag1/2 expression may be lacking at the time of patient diagnosis, the mouse lymphoma described herein raises the question of whether Rag1/2 plays a role in human HIVassociated lymphomagenesis.
RAG1/2 expression is tightly regulated during lymphocyte development to prevent genetic errors. It is also appreciated that mature B cells can be induced to re-express RAG proteins when secondary rearrangements are necessary, such as in germinal centers. RAG1/2 expression has been documented in human and murine mature B-cell subsets and can be induced in culture by cross-linking the BCR and CD40 (44) (45) (46) . Costimulation promotes the release of IL-6, which initiates RAG expression. In three of seven healthy donors, extracellular HIV-1 matrix protein p17 enhanced RAG1 expression after costimulation of peripheral blood B cells in culture (Fig. 4 B and C) . It would be interesting to compare the expression of RAG1 within germinal center B cells from HIV patients and controls.
Our experiments also showed that human IL-8 had little effect on RAG1 expression in human B cells. Thus, aside from CXCR1/2, an alternate receptor for p17 may exist on human B cells to mediate this effect. The p17 receptor density varied between human subjects, as demonstrated by up to a 15-fold difference in the mean fluorescence intensity of labeled p17 (Fig. S3) . Perhaps genetic polymorphism in the alternate receptor or activation status of the B cells accounts for the variability observed. Taken together, our findings indicate that HIV-1 matrix protein p17 has the potential to enhance RAG1 expression in costimulated human B cells, which may lead to genomic instability and transformation.
Materials and Methods
Animals. The transgenic mouse line Tg26 has been described previously (24) . The transgene is derived from the pNL4-3 provirus and contains a 3-kb deletion that spans the majority of the gag/pol region. Heterozygous mice were used, because homozygotes rarely survive to weaning. The colony developing leukemia/lymphoma was generated by cross-breeding heterozygous mice with skin lesions (25) . Mice were euthanized at age 5-12 mo. All mice were on the FVB/N background (Harlan), except those studied in Fig. 2C and Fig. S1 , which were on the F1 background (FVB/N × BALB/c). All animal studies were conducted at the Animal Care Facility of the Institute of Human Virology, University of Maryland, Baltimore and were approved by and conducted in accordance with Animal Care and Use Committee oversight.
IHC. Sections were processed and stained following standard techniques, using mouse IgG anti-p17 mAb (clone 32/5.8.42; ZeptoMetrix). The methodology is described in detail in SI Materials and Methods. Images were collected on a Nikon Eclipse TE300 inverted microscope with SPOT 5.0 software. Scoring of sections for p17 staining was performed by five independent reviewers in a blind fashion. The average score for one section per mouse is presented. To assign scores, the coverage area of brown DAB stain within one image per mouse was estimated by each reviewer. Scoring was as follows: 0, 0-10%; 1, 10-40%; 2, 40-70%; 3, 70-100%.
RNA Purification and Microarray. Total cellular RNA from spleen and lymph nodes from three groups of animals-FVB/N control mice (n = 3), Tg26 asymptomatic mice (n = 6), and Tg26 mice with lymphoma (n = 6)-was isolated and subjected to a cleanup protocol with the RNeasy Mini Kit (Qiagen), according to the manufacturer's specifications. The quality of total RNA was assessed using an Agilent Bioanalyzer 2100. Affymetrix GeneChip Mouse Gene 1.0 ST Array was used for hybridization according to the manufacturer's instructions. The detailed methodology followed for the analysis of microarray data is provided in SI Materials and Methods. Human B-Cell Isolation and Culture. Human PBMCs were isolated using Lymphoprep (Axis-Shield) from healthy blood donors' leukopaks obtained from the New York Blood Center, Long Island, NY, in accordance with their guidelines and those of the Institutional Review Board of the University of Maryland School of Medicine. B cells were negatively isolated from unstimulated PBMCs using the EasySep Human B Cell Enrichment Kit without CD34 Depletion (Stem Cell Technologies) and were cultured in complete RPMI-1640. Cells were activated with soluble 1 μg/mL CD40L (MEGACD40L; Enzo Life Sciences) and 10 ng/mL IL-4 (R&D Systems) for 5 d. HPLC-purified HIV-1 BH10 p17 was chemically synthesized via solid-phase peptide synthesis by W. Lu, Institute of Human Virology, University of Maryland School of Medicine, Baltimore, as reported previously (12) .
Western Blot, Flow Cytometry, and Real-Time qPCR. Detailed methodology is provided in SI Materials and Methods.
